The complete vibrational assignment and analysis of the fundamental modes of aspartame was carried out using the experimental FT-IR, FT-Raman and quantum chemical studies. Ultraviolet-visible (UVvis) spectrum was investigated by time dependent DFT (TD-DFT).Features of the electronic absorption spectrum in the UV-visible regions were assigned based on TD-DFT calculation. The HOMO-LUMO energy gap has been calculated. The intra-molecular contacts have been interpreted using natural bond orbital (NBO) analysis. Thermodynamic properties like entropy, heat capacity and enthalpy have been calculated for the molecule.
Introduction
Aspartame is one of the most common artificial sweeteners in use today. It is sold under the brand names NutraSweet and Equal. Aspartame is made by joining together the amino acids aspartic acid and phenylalanine. Amino acids are the building blocks of proteins and are found naturally in many foods. Aspartame is an intense sweetener, approximately 200 times sweeter than sugar, which has been used in soft drinks and other low-calorie or sugar-free foods throughout the world for more than 25 years.
Identification and characterisation of the E951 artificial food sweetener by vibrational spectroscopy and theoretical modelling Niculina Peica et.al [1] . Conformation Analysis of Aspartame-Based Sweeteners by NMR Spectroscopy, Molecular Dynamics Simulations, and X-ray Diffraction Studies by FT-Raman spectroscopy Sylwester Mazurek et.al [5] .
Literature survey reveals that to the best of our knowledge no DFT frequency calculations of aspartame have been reported so far. Therefore, the present investigation was under taken to study the vibrational spectra of the molecule completely and to identify the various normal modes with greater wavenumber accuracy. The redistribution of electron density (ED) in various bonding, antibonding orbitals and E2 energies had been calculated by natural bond orbital (NBO) analysis to give clear evidence of stabilization originating from the hyper conjugation of various intra-molecular interactions. The time-dependent density functional theory (TD-DFT) was employed for assignment of electronic excitations both in gaseous and solvent phase. The HOMO and LUMO energies were calculated and they show that charge transfer occurs within the molecule. The thermodynamic properties were also calculated at different temperatures revealing the correlation between the standard heat capacities (C), entropies (S), enthalpy changes (H) and temperatures.
Computational details
The vibrational assignments of aspartame are predicted by means of B3LYP method with 6-31G(d,p) basis set in Gaussian 03W software package [6] . B3LYP represents Beckes three parameter hybrid functional method with Lee-Yang-Parr correlation functional (LYP) [7, 8] . The observed deviation between theory and experiment could be the consequence of the anharmonicity and overestimation of force constants at the exact equilibrium geometry. Therefore, in order to improve the calculated values in agreement with the experimental ones, it is necessary to scale down the calculated harmonic wavenumbers. The theoretical harmonic wavenumbers are scaled by 0.962 at 6-31G(d,p) level as predicted in the earlier reference [9] .
Experimental
The powder form of aspartame was purchased from leading pharmaceutical company in Chennai and used as such without further purification. FT-IR spectrum of powder aspartame recorded in the range 4000-400 cm -1 on Bruker IFS 66 V spectrophotometer using KBr pellet technique with 4.0 cm-1 resolution. The FT-Raman spectrum recorded using 1064 nm line of Nd:YAG laser as excitation wavelength in the 4000-100 cm-1 region on Bruker IFS 66 V spectrophotometer with FRA 106 Raman module which was used as an accessory. The UV-Visible spectral measurements were carried out using a Varian Cary 5E UV-NIR spectrophotometer. The spectral measurements were carried out at Sophisticated Analysis Instrumentation Facility, IIT Madras. India.
Results and discussion

Molecular geometry
The molecular structure along with numbering of atoms of aspartame is obtained from the Gaussian 03 and GAUSSVIEW programs and is shown in Fig.1 . The optimized geometrical parameters, namely, bond lengths and bond angles calculated by B3LYP method with basis set 6-31G (d,p) are listed in Table 1 . To the best of our knowledge, the experimental data on the geometric structure of the selected title molecule is not available in the literature. By allowing the relaxation of all parameters, the calculations converge to optimized geometries, which correspond to true energy minima, as revealed by the lack of imaginary frequencies in the vibrational mode calculation. This molecule has fourteen C-H bond lengths, twelve C-C bond lengths, three C-N bond lengths, five C-O bond lengths, three N-H bond length and. The C-C bond length value of the ring is found to be 1.5551Å at B3LYP/6-31G(d,p) level. The C-H bond length value calculated at B3LYP/6-31G(d,p) level vary from 0.9728 Å and 1..0958Å and the N-H bond length value is 1.0199 Å. Here the value of C-C bond length is found to be high compared to other bond length values. Several researchers have explained the changes in the frequency or bond length or bond angle of the C-H bond on substitution due to a change in the charge distribution on the carbon atom of the ring. The calculated bond angles of C-C-H, C-C-C, O-C-H and H-C-H are found to be 120.2088, 121.4827 and 109.5785 at B3LYP/6-31G(d,p) level. The calculated bond angles of C-C-O are 123.2991 which are found to be high compared to other values of bond angle. 
Vibrational Assignments
The title molecule consists of 39 atoms, hence undergoes 111 normal modes of vibrations, all are active in infrared and Raman spectra. The molecule under investigation possesses C1 point group symmetry. The vibrational spectral assignments have been carried out with the help of potential energy distribution (PED) analysis. The detailed vibrational assignments of fundamental modes along with the calculated IR, Raman intensities and normal mode description (characterized by PED) are reported in Table 2 . For comparison, the observed and simulated Raman and IR spectra are presented in Figs. 2 and 3. b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i, j) is the fork matrix element between i and j NBO orbitals. 
Potential energy distribution
To check whether the chosen set of assignments contribute the most to the potential energy associated with the normal coordinates of the molecules, the potential energy distribution (PED) has been calculated using the relation where PED is the contribution of the ith symmetry coordinate to the potential energy of the vibrations whose frequency is vk, Fii is the force constant evaluated by the damped least square technique, like is the normalised amplitude of the associated element (i,k) and the Eigen value corresponding to the vibrational frequency k. The PED contributions corresponding to each of the observed frequencies are listed in Table 2 .
C-H vibrations
The heteroaromatic structure shows the presence of C-H stretching vibration in the region 3100-3000 cm -1 [10] . This is the characteristic region for the ready identification of C-H stretching vibration. In this region, the bands are not affected appreciably by the nature of the substitutions. In the present investigation, the C-H stretching vibration is observed at 3064, 3051 cm -1 in the FT-Raman spectrum and at 3062, 3036 cm -1 in the FT-IR spectrum for aspartame. The C-H in plane bending vibrations usually occur in the region 1390-990 cm -1 and very useful for characterization purpose [11, 12] . The infrared peaks identified at 1213cm-1 and the Raman peaks observed at 1216 cm -1 are occurring due to the effect of C-H in-plane bending vibrations. The C-H out-of-plane bending modes of aspartame are summarized in Table 2 .
C-C vibrations
The benzene possesses six stretching vibrations of which the four with highest wave numbers occurring near 1650-1400 cm -1 are good group vibrations [13, 14] . With heavy substituents, the bonds tend to shift to somewhat lower wave numbers and greater the number of substituents on the ring, broader the absorption regions. As predicted in the earlier references, the C-C stretching vibrations observed at 1662 cm -1 in FT-IR spectrum and 1662 cm -1 in FT-Raman spectrum for aspartame. The C-C in-plane and out-of-plane bending modes of aspartame are summarized in Table 2 .
C-O vibrations
If a compound contains a carbonyl group the absorption caused by C-O stretching is generally among the strongest present and occur in the region 1260-1000 cm -1 . Hence, the strong FT-IR and FT-Raman bands observed at 1258,1230 and 1261,1230 cm -1 is assigned to the C-O stretching modes of vibrations. The in-plane and out-of-plane vibrations of C-O group are in very good agreement with the assignment of Gunasekaran et al. [15] .
N-H vibrations
It is stated that in amines, the N-H stretching vibrations occur in the region 3500-3300 cm -1 . The asymmetric -NH 2 stretching vibration appears from 3500 to 3420 cm -1 and the symmetric -NH 2 stretching is observed in the range 3420 to 3340 cm-1 [16] . With the above reference, the N-H stretching band identified at 3462 cm -1 in FT-IR spectrum with contribution of PED (100%). Similarly one band is identified in FTRaman at 3428 cm-1 and one band observed at FT-IR spectrum is 3422 cm assigned to the NH 2 symmetric stretching modes with maximum contribution of PED. For amino group the NH 2 scissoring identified at 1658 cm -1 in FT-IR and at1669 cm -1 in FT-Raman spectrum.
Hydroxyl vibrations
The hydroxyl stretching vibrations are generally [17] observed in the region around 3700-3600 cm -1 . The peak is broader and its intensity is higher than that of a free O-H vibration, which indicates the involvement in an intramolecular hydrogen bond. The IR spectrum (Fig. 2) in the high wave number region shows a broad band at 3631 cm -1 attributed to hydrogen bonded O-H stretching vibration. The in-plane O-H deformation vibration usually appears as strong band in the region 1440-1260 cm -1 in the spectrum, which gets shifted to higher wave number in the presence of hydrogen bonding. The bands observed at 1377 in IR and 1380 cm -1 in Raman spectra (Fig.3) , respectively correspond to the O-H in-plane bending mode.
CH3 vibrations
The stretching vibrations of the CH 3 group are expected in the range of 2900-3050 cm -1 [18, 19] . The asymmetric stretching modes of the methyl group are calculated to be at 3070, 3060, 2966 cm -1 . The bands observed at 3080, 3009 cm -1 in the infrared spectrum and at 3079, 3060, 3003 cm -1 in the Raman spectrum were assigned as stretching modes of the CH 3 group.
Methylene and methyl group vibrations
The C-H stretching of the methylene groups are at lower frequencies than those of the aromatic C-H ring stretching. The CH 2 antisymmetric stretching vibrations are generally observed in the region 3000-2900 cm -1 , while the CH 2 symmetric stretch will appear between 2900 and 2800 cm -1 [20, 21] . The CH 2 symmetric stretching vibration observed as a strong band at 2934 cm -1 in FT-IR and very strong band at 2889 cm -1 in FTRaman spectrum respectively for the title compound. The recorded spectrum shows only one weak bond observed at 1497cm -1 (FTIR) and at 1514,1491 cm -1
(FT-Raman) are assigned to CH 2 scissoring vibrations. The same vibrations are also predicted at lower wave numbers with good correlation of theoretical data.
Other Molecular Properties
NBO analysis
Natural bond orbital (NBO) analysis provides the most accurate possible "natural Lewis structure" because all orbital details are mathematically chosen to include the highest possible percentage of the electron density. A useful aspect of the NBO method is that it gives information about interactions in both filled and virtual orbital spaces that could enhance the analysis of intra-and inter molecular interactions. The secondorder Fock matrix was carried out to evaluate the donor-acceptor interactions in the NBO analysis [22] . The interactions result is a loss of occupancy from the localized NBO of the idealized Lewis structure into an empty non-Lewis orbital. For each donor (i) and acceptor (j), the stabilization energy E(2) associated with the delocalization i→j is estimated as Where qi is the donor orbital occupancy, i, j are diagonal elements (orbital energies) and F(i, j) is the off-diagonal NBO Fock matrix element.
The localized orbitals in the best Lewis structure can interact strongly. A filled bonding or lone pair orbital can act as a donor and an empty or filled bonding, anti-bonding or lone pair orbital can act as an acceptor. These interactions can strengthen and weaken bonds. A lone pair donoranti-bonding acceptor orbital interaction will weaken the bond associated with the anti-bonding orbital. Conversely, an interaction with a bonding pair as the acceptor will strengthen the bond. Strong electron delocalization in best Lewis structure will also show up as donor-acceptor interactions. This calculation is done by examining all possible interactions between 'filled' (donor) Lewis-type NBOs and 'empty' (acceptor) non-Lewis NBOs. For aspartame, LP(1) N7of the NBO conjugated with * (C6-O8)leads to an enormous stabilization of 64.95kJ/mol. This strong stabilization denotes the larger delocalization. This highest interaction around the ring can induce the large bioactivity in the compound.
Molecular Electrostatic Potential (MEP)
The value of the electrostatic potential mapped onto an electron iso-density surface may be employed to distinguish regions on the surface which are electron rich (subject to electrophilic attack) from those which are electron deficient (subject to nucleophilic attack). The resulting surface simultaneously displays molecular size, shape and electrostatic potential in terms of colour grading and is very useful tool in investigation of correlation between molecular structure and the physiochemical property relationship of molecules including biomolecules and drugs [23, 24] . The equation used to find the electrostatic potential is, Total electrostatic potential energy Electrostatic potential energy Potential energy MEP and electrostatic potential contour map of aspartame are depicted in Fig.4 . The colour scheme of MEP is the negative electrostatic potentials are shown in red, the intensity of which is proportional to the absolute value of the potential energy and positive electrostatic potentials are shown in blue while green indicates surface areas where the potentials are close to zero.The colourcoded values are then projected onto the 0.002 a.u. isodensity surface to produce a three-dimensional electrostatic potential model. The oxygen atoms with lone pairs have more negative electrostatic potentials (red) whereas the hydrogen and nitrogen atoms possess positive electrostatic potentials (blue). Such a representation provides more detailed information regarding electrostatic potential distribution, by showing the values in a manifold of spatial location around the molecule.
HOMO and LUMO analysis
Ultraviolet spectra analyses of aspartame have been investigated by TD-DFT/B3LYP/6-311G(d,p) method. The calculated visible absorption maxima of λ max which are a function of the electron availability have been reported in Table 4 . Calculations of molecular orbital geometry shows that the visible absorption maxima of this molecule correspond to the electron transition between frontier orbitals such as translation from HOMO to LUMO. As can be seen from the UV-vis spectra absorption maxima values have been found to be 325 nm Fig.5 . The λ max is a function of substitution, the stronger the donor character of the substitution, the more electrons pushed into the molecule, the larger λ max . These values may be slightly shifted by solvent effects. The role of subsistent and of the solvent influence on the UV-spectrum. Owing to the interaction between HOMO and LUMO orbital of a structure, transition state transition of π→π* type is observed with regard to the molecular orbital theoryis shown in the [25, 26] . The calculated results involving the vertical excitation energies, oscillator strength (f) and wavelength are carried out and compared with measured experimental wavelength.TD-DFT/B3LYP/6-31G(d) predict one intense electronic transition at 3.15663eV (316.793nm) with an oscillator strength f = 0.0005, in moderate agreement with the measured experimental data (λexp = 325.0 nm) as shown in Table 4 .
Therefore, while the energy of the HOMO is directly related to the ionization potential, LUMO energy is directly related to the electron affinity. Energy difference between HOMO and LUMO orbital is called as energy gap that is an important stability for structures [26] . In addition, 3D plots of highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) are shown in 
Thermodynamic properties
On the basis of vibrational analysis at B3LYP/6-31G(d,p) level, the standard statistical thermodynamic functions: heat capacity (C), entropy (S) and enthalpy (H) for the title compound were obtained from the theoretical harmonic frequencies and listed in Table 10 . From Table 10 , it can be observed that these thermodynamic functions are increasing with temperature ranging from 100 K to 1000 K due to the fact that the molecular vibrational intensities increase with temperature [27] . The correlation equations between heat capacity, entropy, enthalpy and temperatures were fitted by quadratic formulas, and the corresponding fitting factors (R2) for these thermodynamic properties are 0.9998, 0.9993 and 0.9994, respectively.The corresponding fitting equations are as follows and the correlation graphics of those are shown in Fig. 7 . All the thermodynamic data supply helpful information for the further study on the Aspartame. They can be used to compute the other thermodynamic energies according to relationships of thermodynamic functions and estimate directions of chemical reactions according to the second law of thermodynamics in thermo chemical field. It must be noticed that all thermodynamic calculations were done in gas phase and they could not be used in solution.
Conclusion
The present investigation thoroughly analysed the vibrational spectra, both infrared and Raman, NBO analyses of aspartame. Absorption maxima (max) of aspartame was calculated by TD-DFT method and compared with experimental UV-Vis spectra. HUMO and LUMO orbitals have been visualized. It has been conclude that the lowest singlet excited state of the title molecule is mainly derived from the HOMOLUMO electron transition. MEP plays an important role in determining stability of the molecule. The correlations of the statistical thermodynamics according to temperature were also presented.
